The electronic structure of the (Ge,Mn)Te diluted magnetic semiconductors was investigated theoretically from first principles, using the fully relativistic Dirac linear muffin-tin orbital (LMTO) band structure method. The electronic structure is obtained with the local spin-density approximation (LSDA) as well as the LSDA+U method. The x-ray magnetic circular dichroism (XMCD) spectra of (Ge,Mn)Te DMSs at the Mn L 2,3 edges are investigated theoretically from first principles. The origin of the XMCD spectra in the compound is examined. The calculated results are compared with available experimental data.
Introduction
The dilute magnetic semiconductors (DMS) are without doubt one of the most promising and interesting classes of magnetic materials. Their signature characteristic is carrier-mediated ferromagnetic exchange with which magnetic and electronic properties of microelectronic devices can be linked. Mn-doped III-V semiconductors are among the most frequently studied, particularly (Ga,Mn)As where the carrier-induced nature of the ferromagnetic exchange is well established (see, e.g. review papers [1, 2] ). The nature of the electronic structure and magnetic exchange in other intensively studied III-V, II-VI or IV-VI systems is far from being understandable.
For the device application, DMSs should satisfy two requirements. One is carrier controllability and the second is Curie temperature (T C ) higher than room temperature. III-V transition metalsbased DMSs satisfy the first requirement. However, the highest Curie temperature reported so far for III-V DMSs except III-V nitrides is 170 K for (Ga,Mn)As [3] . DMSs films exhibit an extreme diversity of magnetic characteristics, depending on the method of preparation, heat treatment, additional doping, etc. The extreme sensitivity of the magnetic properties of these materials to the conditions of their preparation and annealing is due to a nonequilibrium distribution of defects arising during the preparation of the magnetic films.
Recently, Fukuma et al. have succeeded in the epitaxial growth of (Ge 1−x Mn x )Te ferromagnetic films up to x = 0.96 using an ionized cluster beam (ICB) technique [4] . Curie temperature T C takes a maximum of 140 K at x = 0.51 and the ferromagnetic order exists in the whole region of x 0.96, though MnTe with x = 1 limit is an antiferromagnetic compound. In addition, the magnetization clearly depends on the carrier concentration [5] . To understand ferromagnetism in (Ge 1−x Mn x )Te, it is important to investigate its electronic structure, in particular, the Mn 3d states.
Magnetic properties of IV-VI GeTe based diluted magnetic semiconductors with 3d transition metals from Ti to Ni have been investigated by Fukuma et al. [6] . Ferromagnetic order was observed for the Cr, Mn, and Fe doped GeTe films, whereas the Ti, V, Co, and Ni doped films are paramagnetic. The ferromagnetic order could give rise to p-d exchange interaction because amplitudes of negative magnetoresistance and the anomalous Hall effect are proportional to that of spontaneous magnetization. The Curie temperatures determined by extrapolating the steep linear part of the temperature dependence of the squared residual magnetization for the Cr, Mn, and Fe doped GeTe films are 12, 47, and 100 K, respectively. Fukuma et al. [7] also investigated the ferromagnetic properties of IV-VI diluted magnetic semiconductor (Ge,Cr)Te and (Ge,Mn)Te films. The ferromagnetism in the (Ge,Cr)Te such as the spontaneous magnetization and the Curie temperature was found to be significantly affected by the stoichiometry, while the ferromagnetism of (Ge,Mn)Te films was hardly affected by the defects and strongly depended on the hole concentration. The difference could be ascribed to the interaction of the ferromagnetic order: short-range order such as a super-exchange mechanism plays a more important role than long-range order such as the Ruderman-Kittel-Kasuya-Yosida mechanism in the ferromagnetism of the (Ge,Cr)Te films.
Mn 3d electronic structure in IV-VI ferromagnetic semiconductor (Ge 1−x Mn x )Te (x = 0.32) has been investigated by means of the soft X-ray magnetic circular dichroism measurements of the Mn 2p − 3d x-ray absorption spectra (XAS) [8] . The XAS and XMCD spectra show a characteristic feature of the localized Mn 2+ 3d states. From the analysis of the spectra based on the configuration interaction theory, the parameters such as the p-d hybridization and p-d exchange constant were estimated. Mn L 2,3 x-ray absorption and magnetic circular dichroism study has been also performed on ferromagnetic semiconductor (Ge 1−x Mn x )Te with different Mn compositions x = 0.12, 0.32, 0.51, and 1 by Fukuma et al. [9] . The absorption and dichroism line shapes were found to be almost independent of the Mn composition, suggesting that the local chemical environment of Mn atoms is the same for (Ge,Mn)Te with the wide range of x. On the basis of the configuration interaction analysis for a MnTe 6 cluster, the electronic structure parameters such as the p-d hybridization and the p-d exchange constant have been estimated. In order to investigate the Mn 3d electronic structure in IV-VI ferromagnetic semiconductor (Ge 1−x Mn x )Te, Senba et al. [10] have carried out the Mn 3p-3d resonant photoemission spectroscopy (RPES) and Mn L 3 soft X-ray emission spectroscopy measurements. The Mn 3d partial density of states derived from the RPES spectra indicate that the Mn 3d states of (Ge 1−x Mn x )Te are nearly localized with the divalent character.
Xie et al. theoretically investigated the electronic structure of (Ge,Mn)Te ferromagnetic diluted semiconductors with different compositions (x = 0.25, 0.5 and 0.75) based on ab initio calculations within the local spin density approximation [11] . The electronic structure of 3d transition metal doped GeTe was calculated by the pseudopotential method in the framework of a spin-polarized version of CASTEP. They present the theoretically calculated partial density of states (DOS) as well as E(k) curves.
In the present work we report a detailed theoretical investigation of the electronic structure, x-ray absorption and x-ray magnetic circular dichroism in IV-VI semiconductor GeTe with substitutional incorporation of Mn atoms on a Ge-site. This paper is organized as follows. Section 2 presents a description of the (Ge,Mn)Te crystal structure and the computational details. Section 3 is devoted to the electronic structure and x-ray circular and linear dichroism of the (Ge,Mn)Te DMS calculated in the fully relativistic Dirac LMTO band structure method. The calculated results are compared with the available experimental data. Finally, the results are summarized in section 4.
Crystal structure and computational details
Germanium telluride GeTe exists in cubic NaCl structure, a space group is F m3m (number 225) (Ge ions occupy the 4a positions x = 0, y = 0, z = 0, and Te ions are placed at the 4b sites x = 0.5, y = 0.5, z = 0.5). Manganese telluride MnTe is crystallized in NiAs type crystal structure, a space group P 63/mmc (number 194), (Mn ions occupy the 2a positions x = 0, y = 0, z = 0, and Te ions are placed at the 2c sites x = 0.3333, y = 0.6667, z = 0.25) [12] .
Our calculations of the electronic structure of the (Ge We performed the geometry optimization of the (Ge,Mn)Te DMS using the pseudopotential VASP-SGGA method [13] [14] [15] . We optimized the internal freedom upon atoms with a fixed lattice constant, that is, the internal fractional coordinate was optimized. We found only a minor effect of the structure relaxation on the partial density of states in close vicinity of the Fermi level, while further away from the Fermi level the partial density of states did not change. The lattice optimization also did not affect the XAS and XMCD spectra which are extended in a wide energy interval.
The details of the computational method are described in our previous papers, [16, 17] and here we only mention some aspects specific to the present calculations. The calculations were performed using the spin-polarized fully relativistic linear-muffin-tin-orbital (SPR LMTO) method [18, 19] for the experimentally observed lattice constants. For GeTe the lattice constant is a = 6.009Å , and for MnTe a = 4.125Å , c = 6.724Å [12] . We used the Perdew-Wang [20] parameterization for the exchange-correlation potential. Brillouin zone (BZ) integrations were performed using the improved tetrahedron method [21] and the charge was obtained self-consistently on a grid of 56 k points in the irreducible part of the BZ of (Ge 1−x Mn x )Te for x = 0.03 and 133 k points for x = 0.06 and x = 0.125. To improve the potential we include additional empty spheres. The basis consisted of Mn, Ge and Te s, p, and d LMTOs. Finally, the finite lifetime of a core hole was accounted for by folding the XAS and XMCD spectra with a Lorentzian. The widths of the core levels were taken from [22] .
Results and discussion

Energy band structure
Figure 2 presents the energy band structure and total density of states for pure MnTe and GeTe. Our LSDA calculations produce antiferromagnetic ground state for pure MnTe compound in agreement with the experiment [23, 24] . The DOS at the Fermi level was found to be very small. GeTe is a semiconductor with the experimentally measured energy gap of around 0.8 eV [25] . Our LSDA calculations produce correct semiconductor ground state with underestimated energy gap of 0.40 eV. The non-muffin-tin correction to the crystal potential in the framework of CASTEP method improves the agreement with the experiment producing the gap of 0.6 eV [11] . However, the gap is still smaller than the experimentally measured one. This is typical of the calculations in the LSDA. To get a correct energy gap, one should take into account the Coulomb correlation in a proper way. The electronic correlations in Ge and Te p shells were treated in our calculations at the mean-field level using the LSDA+U approach [26] in its rotationally invariant implementation which is described in detail in our previous paper [27] . The exchange integral J was estimated from constrained LSDA calculations, and the values of 0.9 eV were used for the Ge and Te p states. The effective on-site Coulomb repulsion U was considered as an adjustable parameter. We used U = 3 eV for the Ge and Te p states in GeTe to achieve good agreement with the experiment. The LSDA+U calculations produce the gap of 0.79 eV, while the experimentally measured one is equal to 0.8 eV [25] . symmetry occupy almost the same energy interval −4.8 to 0 for majority states and 0.6 to 3.7 eV for minority states. There is a strong hybridization between Mn 3d and Ge and Te p states.
An important issue is the energy position of the 3d states, which is usually solved by photoemission and x-ray bremsstrahlung isochromat (BIS) measurements. Figure 4 shows the experimental photoemission spectrum (PES) of (Ge,Mn)Te [7] compared with the calculated energy distribution for the occupied total DOS. The total DOS display correctly the main features of the experimental photoemission spectrum. The PES consists of three major peaks. Peak A corresponds to the Mn d majority states, peaks B and C are to the s states of Ge and Te, respectively (see figure 3) . The magnetic moment of the (Ge 1−x Mn x )Te is equal to 5µ B for x = 0.03, 0.06 and 0.12 in consistence with their semiconductor band structure. The LSDA calculations produce the energy gap equal to 0.46 eV, 0.34 eV and 0.27 eV for the concentration x = 0.03, 0.06 and 0.12, respectively. For the x = 0.5 we obtain a semimetal solution with total magnetic moment µ total = 4.69µ B . Our band structure calculations produce the spin magnetic moment of 3.466 µ B at the Mn Ge in the (Ge 1−x Mn x )Te (x = 0.03). The induced magnetic moments at the Te first neighbor sites are parallel to that of the Mn ions with spin magnetic moments about 0.043 µ B . Twelve Ge ions in the second neighbor shell couple ferromagnetically to the substituted Mn ion with spin magnetic moments of 0.012 µ B . The orbital moments at the Ge and Te sites are small with the largest one at the Te first neighbor sites (−0.001 µ B ). The orbital magnetic moment at the Mn Ge site is equal to 0.055 µ B and parallel to the spin moment.
The effect of Coulomb correlations on the electronic structure of the (Ge,Mn)Te was investigated using the rotationally invariant LSDA+U method [27, 28] . When U = 4 eV is applied only to the Mn d states, its main effect is to increase the splitting between the occupied majority and unoccupied minority Mn 3d states. This causes some increase of the energy gap, which became equal to 0.48 eV, 0.36 eV and 0.32 eV for the concentration x = 0.03, 0.06 and 0.12, respectively. For the x = 0.5 the solution was found to be still semimetal. 
Intensity (arb. units)
Mn L 2,3 XMCD spectra
Mn L 2,3 x-ray absorption and magnetic circular dichroism study has been performed on ferromagnetic semiconductor (Ge 1−x Mn x )Te with different Mn compositions x = 0.12, 0.32, 0.51, and 1 by Fukuma et al. [8, 9] . Clear XMCD signals are observed in all the (Ge 1−x Mn x )Te except for x = 1 due to the antiferromagnetic nature. Figure 5 presents the theoretically calculated isotropic XAS as well as XMCD spectra of (Ge 1−x Mn x )Te at the Mn L 2,3 edges in comparison with the experiment by Fukuma et al. [9] . The theory correctly describes the energy position and intensity of major L 3 peak at ∼640 eV in the x-ray absorption and XMCD. We should mention here that a major shortcoming in our calculations is that the multiplet structure has not been included. Therefore, we fail to describe two high energy satellite structures in XAS at the 642 eV and 644 eV. The LSDA calculations also cannot produce the second high energy peak at the L 2 edge at ∼652 eV both in the x-ray absorption and XMCD spectra. To calculate the shape of the multiplet spectra one has to use, for example, atomic calculations in Hartree-Fock approximation [29] [30] [31] .
From our calculations we found that the shape of the XAS and XMCD spectra is almost independent of the concentration x in agreement with the experimental observation [9] . The results for x = 0.03 and 0.5 are shown in figure 5 . This implies that the magnetic order scarcely affects the local environment of the Mn atom: the local chemical environment of the ferromagnetically coupled Mn atoms is the same for (Ge 1−x Mn x )Te with the wide range of x. We also found that the application of Hubbard repulsion U = 4 eV at the Mn 3d states hardly affects the Mn L 2,3 XAS and XMCD spectra (not shown). 
Summary
We have studied the electronic structure and x-ray magnetic circular dichroism of the (Ge,Mn)Te diluted magnetic semiconductors by means of the ab initio fully-relativistic spin-polarized Dirac linear muffin-tin orbital method within the framework of the LSDA approximation as well as the LSDA+U method. The x-ray magnetic circular dichroism spectra of (Ge,Mn)Te DMSs at the Mn L 2,3 edges are investigated theoretically from first principles.
The (Ge 1−x Mn x )Te for 0.03 x 0.125 has the electronic structure of a semiconductor with the magnetic moment of 5µ B per unit cell. The LSDA calculations produce the energy gap equal to 0.46 eV, 0.34 eV and 0.27 eV for the concentrations x = 0.03, 0.06 and 0.12, respectively. For the x = 0.5 we obtain a semimetal solution with the total magnetic moment µ total = 4.69µ B . Our band structure calculations produce the spin magnetic moment of 3.466 µ B at the Mn Ge in the (Ge 1−x Mn x )Te (x = 0.03). The induced magnetic moments at the Te first neighbor sites are parallel to that of the Mn ions with spin magnetic moments about 0.043 µ B . Twelve Ge ions in the second neighbor shell couple ferromagnetically to the substituted Mn ion with spin magnetic moments of 0.012 µ B . The orbital moments at the Ge and Te sites are small with the largest one at the Te first neighbor sites (−0.001 µ B ). The orbital magnetic moment at the Mn Ge site is equal to 0.055 µ B and parallel to the spin moment.
The theory reasonably well produces the shape and energy positions of the major fine structures of the Mn XASs and XMCD spectra at the L 2,3 edges. However, it does not produce two high energy satellite structures in XAS at the 642 eV and 644 eV at the L 3 edge and the second high energy peak at the L 2 edge at ∼652 eV. These multiplet structures need the treatment in HartreeFock approximation. From our calculations we found that the shape of the XAS and XMCD spectra is almost independent of the concentration x in agreement with the experimental observation. This implies that the magnetic order scarcely affects the local environment of the Mn atom: the local chemical environment of the ferromagnetically coupled Mn atoms is the same for (Ge 1−x Mn x )Te with the wide range of x.
